Salicylic acid (SA) is a potent inducer of defense gene expression in plants, but how SA activates transcription has been controversial. In this issue of Cell, Ding et al. show that the SA-binding proteins NPR3 and NPR4 function as transcriptional co-repressors, with this activity being blocked by SA.
In plants, salicylic acid (SA) acts as a master regulator to turn on immune-related gene expression in response to biotic stresses such as infection by pathogens. Due to its central role in immune signaling, understanding how SA is perceived and how its perception leads to transcriptional activation has been a focus of research for over two decades. Despite this intense effort, or perhaps because of this effort, there remains controversy about how SA levels are assessed by plants. In this issue of Cell, Ding and colleagues shed significant new light on this question, overturning one model, and significantly extending another (Ding et al., 2018) .
Although biochemical approaches have uncovered multiple SA binding proteins, none of these appear to function as classic receptors that mediate defense gene activation. In contrast, mutational screens in the mid 1990s identified a candidate receptor dubbed NPR1 (for Non-expresser of PR genes, also known as NIM1 and SAI1) (Cao et al., 1994) . Mutations in NPR1 block induction of multiple defense genes by SA. The eventual cloning of NPR1, however, revealed that the NPR1 protein does not have obvious similarity to known receptor proteins in animals or plants, although it does have two distinct protein:protein interaction domains, namely a BTB/POZ domain at the N-terminal end and an ankyrin-repeat domain in the central region (Cao et al., 1997) . A subsequent yeast two-hybrid screen revealed that the ankyrin-repeat domain mediates interactions with a family of TGA transcription factors, TGA2, TGA5, and TGA6, that bind to the promoters of defense genes (Zhang et al., 1999) , which led to the general model that NPR1 regulates gene expression via regulating the activity of TGAs, but this model did not explain the role of SA in this process.
In 2012, two papers were published that presented conflicting models for how SA regulates the activity of NPR1 (Fu et al., 2012; Wu et al., 2012) . Fu and colleagues presented a complex model in which SA did not bind to NPR1, but rather, bound to two NPR1 family members, NPR3 and NPR4 (Fu et al., 2012) . In this model, NPR3 and NPR4 functioned as E3 ubiquitin ligases (in complex with CULLIN3) to mediate ubiquitination of NPR1 and its subsequent degradation. Somewhat counter-intuitively, the authors concluded that turnover of NPR1 was required for the activation of NPR1-dependent promoters.
In contrast to the findings of Fu et al., Wu et al. reported that NPR1 bound SA with high affinity (Wu et al., 2012) . Specifically, this work revealed that SA binds to a C-terminal domain of NPR1 that had been previously shown to be required for activation of defense genes in response to SA. These findings led the authors to propose a model whereby SA bound to the C-terminal domain of NPR1, which released it from autoinhibition by the N-terminal BTB/POZ domain, enabling the C-terminal domain to function as a co-activator in complex with TGA proteins. Under this model, regulation of NPR1 activity was not mediated by protein degradation, and there was no requirement for the NPR3 and NPR4 proteins to achieve full activation of defense gene expression.
These conflicting models could not be fully reconciled by the existing data, especially in light of the contradictory findings with regards to the SA binding properties of NPR1. The work of Ding et al. (2018) directly addresses this conflict, establishing that the protein degradation model of Fu et al. was likely incorrect, while the NPR1 activation model of Wu et al. was incomplete. The key findings presented in Ding et al. were enabled by the discovery of a dominant negative mutation in NPR4 that constitutively suppresses immune responses. Importantly, the new npr4 mutation causes a substitution of a glutamine (Q) for an arginine (R) at position 419 within the C-terminal domain of NPR4. R419 is conserved in NPR1 and NPR3, and in their homologs found in other plant species. Generating the equivalent mutation in NPR3 also enabled it to suppress defense signaling, establishing that NPR3 and NPR4 are at least partly redundant in their function. Critically, the R419Q mutation in NPR4 nearly eliminated SA binding, indicating that NPR4 functions a transcriptional corepressor in the absence of SA, and that SA binding eliminates this co-repressor activity. Notably, although SA binding eliminated NPR4 co-repressor activity, it did not prevent association with TGAs, nor association with defense gene promoters. Thus, SA appears to release defense gene promoters from repression by NPR3 and NPR4 by directly blocking the repressive activity of their C-terminal domains.
The conclusion that NPR3 and NPR4 function as SA-sensitive co-repressors raises the question of how they differ from NPR1, which functions as an SAsensitive co-activator (Wu et al., 2012) . The answer appears to lie within their C-terminal domains. NPR3 and NPR4 contain a conserved motif (VDLNETP) with high similarity to the ethyleneresponsive element binding factorassociated amphipathic repression motif (EAR; L/FDLNL/F(x)P). Mutating the DLN sequence in this motif in NPR4 to GVK (the corresponding amino acids in NPR1) eliminated the transcriptional repressing activity of NPR4 without affecting its interaction with TGAs.
Collectively, these findings strongly support the model shown in which NPR proteins and TGA proteins exist in complexes in the nucleus, and compete with each other for binding to defense gene promoters (Figure 1 ). Under conditions of low SA, NPR3 and NPR4-containing complexes suppress transcription, while NPR1 complexes have little activity, with the net result being overall low expression of defense genes. Under high SA levels, NPR1 complexes become activated, while NPR3 and NPR4 complexes become inactivated leading to high levels of defense gene expression. Paradoxically, SA likely induces these seemingly opposite responses in NPR1 versus NPR3 and NPR4 by the same mechanism in which SA binding to the C terminus induces a conformational change that affects interactions with the N-terminal BTB/POZ domain that then affects interactions with the rest of the transcription initiation complex (Wu et al., 2012) . In the case of NPR1, this conformational change actively promotes transcription, while in the cases of NPR3 and NPR4, this change relieves repressive activities.
So, do we now fully understand SA-mediated activation of defense gene transcription? Probably not. Fu et al. (2012) showed that elimination of NPR3 and NPR4 leads to an increase in NPR1 protein levels via a post-transcriptional mechanism. It is not yet clear how this is mediated if NPR3 and NPR4 do not function as E3 ubiquitin ligases, as proposed by Fu et al. Regardless of the mechanism, these findings point to the need to gain a better understanding of post-transcriptional regulation of all NPR proteins, as the model predicts that changes in the ratios of the three NPR proteins is likely to significantly impact the overall response to SA. Three closely related NPR proteins function as SA receptors. All three associate with TGA transcription factors independent of SA binding. These NPR-TGA protein complexes compete for binding to SA-responsive promoters (bi-directional arrows indicate equilibrium association and disaccosiation of complexes with promoters) such as the SARD1 and WRKY70 promoters, and this competition occurs independent of SA binding. Instead, SA binding affects the activity of the complex. SA binding to NPR1 activates transcription (green arrows), whereas SA binding to NPR3 and NPR4 blocks their transcriptional repression activity (red arrows). The net result is robust activation of SA responsive promoters in the presence of high SA, and the ability to fine tune transcriptional responses at intermediate SA levels.
